The microstructure of ZnO powder, obtained from thermal decomposition of the oxalate and studied previously by electron microscopy and adsorption calorimetry, was investigated by means of X-ray powder diffraction pattern decomposition. A Williamson-Hall plot revealed that some lines were broadened solely due to the effects of crystallite size, whereas other breadths included a contribution due to stacking faults. Spherical and cylindrical models are used to describe the form of the crystallites and procedures are presented for separating 'size' effects from 'mistake' broadening. This leads to estimates of the mean dimensions of the crystallites and the stacking-fault probability. The analysis demonstrates that, with good-quality data for a large number of reflections, a considerable amount of detailed information can be obtained about microstructure. On the other hand, it reveals some of the limitations of current procedures for modelling diffraction line profiles.
I. Introduction
The reactivity of finely divided solids, including the surface reactivity of catalysts and the mechanisms of solid-state reactions, depends on the morphological properties of the crystallites or grains. Depending on the method used for their characterization, e.g. electron microscopy, adsorption calorimetry or BET (Brunauer, Emmett & Teller) surface area, the terms 'crystallite' and 'grain' have different meanings. X-ray diffraction line broadening is influenced by the size of the crystallites, which implies a region over which diffraction is coherent. In principle, from the analysis of data from sufficient diffraction lines in a powder pattern, the 'average' shape and size of a crystallite can be determined. However, in general the dependence of the observed sizes on hkl is influenced by the combined effects of a multiplicity of reflections, an * Permanent address: School of Physics and Space Research, University of Birmingham, Birmingham B15 2TT, England.
t To whom all correspondence should be addressed. 0021-8898/93/010022-12506.00 irregular shape and a distribution of sizes among crystaUites. A favourable situation occurs when the crystallite shape is isotropic or with materials having a hexagonal symmetry that coincides with that of the external form of the coherently diffracting domains. The latter was shown to be the case for zinc oxide obtained by thermal decomposition of the hydroxide nitrate. In this instance, a detailed study by X-ray diffraction line-broadening analysis demonstrated that the crystallites were, on average, cylindrical (Lou~r, Auffrrdic, Langford, Ciosmak & Niepce, 1983) but that hexagonal prisms were formed during the growth process by annealing (Vargas, Lou~r & Langford, 1983; Loufir, Vargas & Auffrrdic, 1984) . On the other hand, it is known that the microstructural properties of zinc oxide produced by thermal decomposition depend on the precursor used (Djega-Mariadassou, Pannetier & Giovanoli, 1972; Auffrrdic, Ciosmak, Lou~r & Niepce, 1982) . This has also been demonstrated in the recent work on ex-hydroxide zinc oxide studied by diffraction line-broadening analysis (Benabad-Sidky & Niepce, 1992) .
Recently, the effect of crystallite morphology on the surface reactivity of zinc oxide obtained by decomposition of the oxalate has been studied by means of electron microscopy and adsorption calorimetry (Bolis, Fubini, Giamello & Reller, 1989) . The same sample studied in that work was investigated as described in the present paper, by analysis of the diffraction line broadening of individual Bragg reflections obtained from pattern decomposition.
Experimental considerations

Sample preparation
Some characteristics of the surface reactivity of the zinc oxide sample used in this paper have been reported previously (Bolls, Fubini, Giamello & Relier, 1989; Grillet, Rouquerol & Rouquerol, 1989) . The powder sample was prepared by thermal decomposition of the zinc oxalate under a nitrogen-gas flow with a slow increase of temperature up to 623 K (Chauvin, O 1993 International Union of Crystallography Saussey, Lavalley & Djega-Mariadassou, 1986) . Its BET surface area was found to be 15.7 m 2 g-1 (Grillet, Rouquerol & Rouquerol, 1989) . . Throughout the experiment the 004 202 ambient temperature was maintained at 294 + 1 K. 104 For all studies of the microstructural properties of 203 materials, it is desirable to record data for as many 210 lines as possible and the diffraction pattern for ZnO 211 114 was therefore scanned over the angular range 26 to 212 146°(20), with a step length of 0.02°(20). The counting 105 time was 100 s step-1 to 86 °, which gave a maximum 204 count of 114000 for the strongest line (the 110 300 reflection) and 135 s step-1 from 86.02 ° to the end of 213 302 the scan. The diffraction pattern is given in Fig. 1 were fitted to a quadratic in tan 0 by least-squares refinement. There is little theoretical justification in using this expression for X-ray data; its purpose is merely to describe the variation of the instrumental breadths adequately. For the equation
the values of U, V and W for the full width at half-maximum intensity, or FWHM (2wg), and the integral breadth (Big) are given in Table 2 and the instrument resolution function, IRF (2wg versus 20) is plotted in Fig. 3 .
Analysis of line positions, breadths and shapes
3.1. Preliminary assessment
The first stage in analysing the breadths of diffraction lines in terms of microstructural properties is to compare the FWHM (2Wh) ofh(x) with 2wg. From   Fig. 3 , it is clear that 2Wh >> 2Wg for all reflections and there is thus appreciable sample broadening.
Since the apparent scatter for the 2Wh data is considerably greater than that due to random effects (cf the data for the IRF), it is evident that the broadening due to the sample exhibits a marked 'anisotropy' or [hkl] dependence. It follows from Fig.   3 that the ex-oxalate ZnO data merit further analysis in terms of structural imperfections.
As part of the general assessment of the data, the program NBS • AIDS83 (Mighell, Hubbard & Stalik, 1981) was used to review the diffraction pattern by using the peak positions given in Table 1 . The refined unit-cell parameters are a = 3.24988(5) and c = 5.20743 (9)/~. An indication of the quality of the data is given by the high figures of merit, M2o = 589 and F27 = 172(0.005, 29). From the average absolute discrepancy between observed and calculated 20 values (0.005 ° ) and the difference for individual lines, there is no evidence of hkl-dependent peak shifts.
Instrumental correction
The integral breadths fll of the line profilesf(x) due to sample imperfections are required in order to characterize the microstructural properties of the ZnO sample. For well resolved lines, f (x) can be obtained by direct deconvolution [e.g. by the LWL method (Lou~r, Weigel & Louboutin, 1969) or the Stokes method (Stokes, 1948) 1. Otherwise, fj. can be obtained by making the assumption that the g(x) and h(x) line profiles approximate to a suitable analytical function. If they are assumed to be Voigtian with the same breaths f and 2w as the fitted profiles, then the integral breadths of f(x) can be obtained by the method introduced by Langford (1978) . (See also Langford, Delhez, de Keijser & Mittemeijer, 1988, Fig. 3 .) The justification for using this function is based on the Voigt parameter ~0 ( = 2w/f), which must lie between the Lorentzian (tp = 0.634) and Gaussian (¢# = 0.939) limits. Values of tp, together with the integral breadths (in reciprocal units), are listed in Table 3 for the f profiles, the breadths being obtained by the last of the above procedures. + hkOandh-k=3n(group 1); A h-k= 3n_l, l odd (group 2); O h-k=3n_ 1, l even (group 3); .....
(fl/) for group 1. d*-independent contributions, since the implicit assumption is that the corresponding line profiles are Lorentzian. This is, of course, possible in principle, but is not likely to occur very often in practice. Nevertheless, such a plot gives a valuable insight into the nature of any structural imperfections present and the procedure to be adopted in any subsequent analyses. For the ex-oxalate ZnO it is apparent from These groupings are indicated in Table 3 . Furthermore, fl:t < fl:2 < fl:3 for most data. This behaviour is a classic case of broadening due to stacking faults in materials belonging to the hexagonal system, which has not been reported previously for zinc oxide. From the theory of stacking-fault broadening (e.g. Wilson, 1962) , group-1 reflections are unaffected by 'mistakes'. For these lines,/3:~ is independent of d*, indicating that microstrains are negligible. However, the plot has a non-zero intercept owing to the relatively small size of the crystallites or domains. Also, for group-1 lines, there is little scatter and (/3:1)=2.95 (11)x 10 .3/Yk -t. This lack of 'anisotropy' suggests either that on average the crystallites are spherical or that on average they are prismatic, with equal apparent dimensions in the axial and basal directions. (See §4.1.)
Line-profile shape
After extracting information on the behaviour of line breadths r: from the Williamson-Hall plot, it is instructive to consider the form of the line profiles. It can be seen from the plot of the Voigt parameter ¢p:
versus d* (Fig. 5 ), together with Table 3 , that (a) all data lie within the Lorentzian and Gaussian limits, (b) there does not appear to be any dependence of q~: on d* and (c), tp: for group 1 reflections is in most cases greater than the lines of groups 2 and 3. It follows from (a) that an analysis based on the Voigt function can be used to separate 'size' and 'mistake' broadening. (b) is to be expected if the 'mean' shape is spherical. Different shapes are possible if the crystallites are prismatic, but in this case the differences would not be large. It is thus meaningful to consider the average values of (p:, which, from (Wilson, 1962, p. 63) , which accounts for the smaller Gaussian component of reflections broadened by both size effects and 'mistakes'.
Interpretation of line broadening
Crystallite/domain s&e
The broadening due to the size of crystallites (or domains) can be separated from that due to microstrains by considering the d* dependence of/3:1, but it has been shown that strain broadening is negligible for ex-oxalate ZnO. /3:1 can thus be attributed solely to size effects and flflx(=e#) is the volume-weighted average thickness of crystallites in the direction of the diffraction vector, e# is thus an apparent size and, in order to relate this to actual 0.9 0.8 0.7 mean dimensions, some assumption about the morphology of the crystallites is required. It has been suggested ( Fig. 4 ) that possible models are a sphere or a prism with approximately equal axial and basal apparent sizes. Crystallites in powder samples of ZnO can have the form of a hexagonal prism with its axis parallel to the c direction of the unit cell, for which a cylinder is a reasonable approximation (Lou~r et al., 1983) . For spheres, ea is related to the diameter D by (Wilson, 1962) e~ = 30/4.
(2)
In the case of a cylinder, the relation between e~ and the diameter D and height H depends on the relative magnitudes of ffz (the angle between the diffraction vector and cylinder axis) and ~ [ = tan-l(D/H)].
From Langford & LouEr [1982, equations (10) , (17) and (18) In practice, an actual mean dimension of crystallites is required, rather than an apparent size. This can be obtained by multiplying et~ by the Scherrer constant to give the 'true' size, normally defined as the cube root of the mean crystallite volume (e.g. Langford & Wilson, 1978) . However, with the data available from modern high-resolution instruments, it is more informative to consider the actual thickness z associated with each value of ea. In the case of a sphere, if measured through the centre, this is clearly D for all hkl. The thickness of a cylinder, measured from the intersection of a base diameter and the curved surface, is z = H sec ~Pz; 0 < ~Pz < and (4) z = D cosec ~kz; ~ < ~kz < rt/2.
A section through the cylinder obtained by a least-squares fit of (3) is given in Fig. 6 for a sample with broadening due solely to size effects (Langford, Lou~r, Sonneveld & Visser, 1986) . From the agreement between the experimental values of the actual thickness z and the cylinder section, it can be seen that this form clearly models the 'average' shape of a crystallite satisfactorily and that a fairly precise estimation of the cylinder dimensions can be obtained. Also indicated in Fig. 6 are the observed and calculated values of the apparent size and it should be noted that these are considerably less than the actual dimensions for all directions except [00/].
For the ex-oxalate ZnO, the best estimates of D for spheres and of D and H for cylinders are obtained by applying the least-squares method to (2) or (3) for all 12 reflections in group 1 and the eobs values in Table  4 . The resulting mean apparent size for the spherical model is (eobs)= 340 (13)A, giving a mean diameter (D) = 453 (17)A. The actual (maximum) thickness "~obs ( = D) (Table 4 ) is compared with Zca I ( = (D)) for all group-1 reflections in Fig. 7 . For the cylindrical model, (D)= 404 (7)/~ and (H)= 351 (9)A and a section through the 'average' cylinder defined by (D) and (H) is shown in Fig. 8 , where Zobs can again be compared with %a~ for the reflections in group 1 (Table  4 ). (Values for eobs are omitted from this figure, since they are given in Fig. 7 .) It can be seen from these figures that there is remarkably good agreement between robs and Zca I for both models. (D) for spheres has a standard deviation which is slightly greater than that of (D) and (H) for cylinders (i.e. 4% cf 2-3%). However, (D)/(H) = 1.15 (3) 100  90  333  340  444  453  343  393  404  002  0  338  340  451  453  351  338  351  110  90  348  340  464  453  343  410  404  200  90  342  340  456  453  343  403  404  112  58.029  339  340  452  453  319  507  477  004  0  359  340  479  453  351  359  351  210  90  336  340  448  453  343  396  404  114 38 . (%b~) =453 (17) A spheres, the mean surface area is 6.4 (4) x 10-is m 2, for the cylinders it is 7.0 (2) x 10-~5 m 2 and the ratio of the surface areas given by the two models is 0.91 (6). Although the difference is barely significant for the ZnO data, the choice of model may be important, e.g. if the activity of a catalyst is being investigated. Further qualitative information on the morphology of the crystallites can sometimes be obtained from transmission electron microscopy (TEM). Micrographs have been published for this sample by Bolis et aL [1989, plate 2(d) ], who state that the powder consists of'agglomerates made up of crystallites.., in the range 300-600 A and that the isolated crystallites of ZnO exhibit no well defined edges, but rather disc-like shapes'. It is interesting to note the agreement between the TEM estimates and the sizes deduced by X-ray diffraction from both the models considered. Also, the slightly better results obtained from the cylindrical model are in accordance with the 'rather disc-like shapes' observed by electron microscopy. A similar agreement was observed between the morphological character of the diffracting domains in ex-hydroxide-nitrate zinc oxide and the form of the crystallites as observed by TEM (Lou~r et al., 1983) . It can therefore be concluded that, for these samples, X-ray powder diffraction 'sees' the same domains as TEM. However, powder diffraction gives a three-dimensional description of the crystallites whereas only a two-dimensional observation is made by electron microscopy. By means of powder diffraction it has also been possible to demonstrate the existence of stacking faults in the crystallites and to quantify these structural imperfections, as is shown in the next section.
Stacking faults
For a structure containing stacking faults, diffraction is coherent over regions bounded by planes containing 'mistakes' and there will be a contribution tim to the total breadth that is inversely proportional to the mean distance between fault planes measured in the direction of the diffraction vector, f,, is thus equivalent to a 'size effect', independent of d*. It will, however, be influenced by the crystal structure and the nature of the 'mistakes', which introduce an hkl dependence. For h.c.p, structures, in which the fault planes are perpendicular to the c axis (and the c* axis), in the notation of Wilson (1962, ch. for h-k = 3n; forh-k=3n+l, lodd; (7) for h -k = 3n -I-1, I even.
Clearly, f,, is also zero for hkO reflections.
Reflections of groups 2 and 3 are the convolutions of the line profilesf~(x) due to crystallite size andf,,(x) due to mistakes. The corresponding integral breadths, f~ and f,,, must therefore be separated in order to investigate the nature of the stacking-fault broadening. For this purpose, fl~ for all reflections in these groups can be calculated from the crystallite dimensions obtained in §4.1 I-(2) or (3)]. There are then two possible procedures for obtaining tim. For the first it can be assumed that f~(x) and fro(x) are both Lorentzian and for the second f~(x) can be assumed to be Voigtian, so that the method of Langford (1978) can be used. The first procedure is the one normally employed (e.g. Warren, 1969, ch. 13) , but it has been shown (Table 3 and Fig. 5) thatf~(x) for the ex-oxalate ZnO has an appreciable Gaussian component. The Voigt approach may thus be a better approximation, but it is more susceptible to inadequacies of the fitting procedure. Both methods are considered below.
Lorentzian approximation. If f~(x) and fro(X)
are assumed to be Lorentzian, fm~-#f--#s" (8) There are then two approaches for determining fl,, and hence a, depending on whether fls is 'isotropic' (spherical model) or 'anisotropic' (cylindrical model, in this instance.) Approach 1. As noted above, f~ would, in general, be calculated for each hkl from the crystallite dimensions obtained in §4.1, but in the particular case where the crystallites have been shown to be, on average, spherical, (8) may be written as
where A=0
A = ~/2c A = 3~/2c
for I --0 or h -k = 3n; forh-k=3n___l, lodd;
for h -k = 3n -I-1, l even.
fl (in reciprocal units) is plotted as a function of cos Oz in Fig. 9 for the three groups of reflections. The variation is closely linear in all cases and the values of fie, A, e and a are given in (9) and (10).] of e obtained from the intercepts in all three cases agree well with that obtained previously in ~4.1, Table  4 [ 
Loci of d, calculated from (11) and the values given in Table 5 , are plotted in Fig. 7 [curves (b) and ( Table 6 for the two groups of reflections. It should be noted that the spread in the values of a estimated from the breadths of individual lines is greater for group-2 reflections than for those of group 3. This is to be expected since, for a given lattice direction, the broadening due to stacking faults for group 3 reflections is three times that for group 2 reflections and the error in a is thus reduced by about the same factor [cfi (7)J. This §4.2.2, Tables 7 and 8.). (a) is  0.0069 (11) for group-2 reflections and 0.0068 (3) for those of group 3, with a mean separation of 380 (30) A between stacking faults. There is thus marginally better agreement in (~) for the two groups of reflections than was obtained for the spherical model; perhaps, though the difference is barely significant. Wilson (1962, ch. 6) has shown that the theoretical line profiles due to stacking faults are approximately Lorentzian. However, the f profiles for the ex-oxalate ZnO are all intermediate between Lorentzian and Gaussian, since (q~:) = 0.778 (19) for group-1 reflections and (~0:) = 0.714(25) for groups 2 and 3 (Table 3) . It is thus reasonable to assume that thefprofiles and those due to 'size' effects are Voigtian. The Lorentzian and Gaussian components of fl:, fl:~. and fl:G, respectively (Langford et al., 1988, Fig. 3) , are listed in Table 3 and 
Voigtian approximation.
Again, there are two approaches for obtaining ~, based on the spherical and cylindrical models.
Approach 1. Since group-1 reflections have the same shape, to within the experimental error ( §3.4), fist. in (12) can be replaced by the average value of fl:L (= 1.66 x 10 -3/~-1) from Table 3 in order to determine tim, and hence ~ from (7), for line profiles of groups 2 and 3 (Table 7) . Within each group there is reasonable agreement between the estimates of ~, with the exception of that for the very weak 204 reflection and, possibly, the 213. The mean values are 0.019 (7) for group 2 and 0.010(1) for group 3, excluding the 204 value. The corresponding mean separation of'mistakes' is 150 (50) ,~ for group 2 and 250 (30)/~ for group 3. Thus, according to this model, there are about two fault planes per crystallite. The errors in ~ are greater than for the Lorentzian approximation and this is probably due to the limitations of the fitting program used. fl:, and hence q~:, are critically dependent on the behaviour of line-profile tails and the optimum fit in the case of overlapping peaks does not necessarily give the 'true' parameters, as predicted by the behaviour of the breadths of lines which are well separated. Also, there is a significant difference between the values of (~) for the two groups, which suggests that the line profiles due to stacking faults are not strictly Lorentzian.
Approach 2. A more general approach than the foregoing is needed if the assumed form of the crystallites is other than spherical, e, and hence fls, is again calculated for groups 2 and 3 from (3) in the case of cylinders, by using the values of (D) and (H) obtained from the group-1 reflections. The Lorentzian and Gaussian components of fl~ must then be found. By again assuming that the line profiles due to stacking faults are entirely Lorentzian, fls~ is given by fl:~, which, for the ex-oxalate ZnO, is essentially constant for all hkl and can be replaced by (fl:G) = 1.73 x 10 -3 ~-1 (Table 3 ). In cases where this is not so, fl:G for reflections of groups 2 and 3 would have to be predicted from its variation with [hkl] given by group 1. In order to obtain tim from (12), equation (25) of Langford (1978) must be solved to obtain flsL. (See Appendix.) The resulting values of Y ( = flsL/nl/2 flsG), flsL and ~ are given in Table 8 , again being obtained from (7). (~) is 0.014 (3) for the group-2 reflections and 0.009(1) for the group-3 reflections. These values are about the same as for the spherical model, but the e.s.d.'s are considerably smaller. The mean probabilities obtained from groups 2 and 3 again differ by almost a factor of 2.
Concluding remarks
In a study of the microstructure of strain-free ex-hydroxide-nitrate ZnO powder by means of line-broadening analysis (LouEr et al., 1983) , good agreement was obtained between experimental results and the predictions of small-crystallite diffraction theory (Langford & LouEr, 1982) . As shown in Fig.  6 , the 'average' morphology of crystallites in this instance is cylindrical, a form which could be ascribed with a high degree of confidence. However, it was not possible to use this model to account for the direction dependence of line breadths for the ex-oxalate sample when all reflections were included in the analysis. An examination of the Williamson-Hall plot revealed that this sample is again strain free, but also that the breadths could be ascribed to three hkl groups, consistent with the occurrence of combined crystallitesize and stacking-fault broadening in h.c.p, materials. By using the 'size only' group, the breadths could then be fitted to a cylindrical model (Fig. 8) , leading to estimates of the stacking-fault probability from the remaining 'mistake'-broadened reflections. Meaningful domain sizes can thus be obtained in cases where size effects are accompanied by another type of imperfection, which can have important practical applications such as the determination of the mean surface area of crystallites in catalysts, for example. However, it should be noted that, owing to the average height/diameter ratio of the cylinders for this particular sample, the form could equally be modelled by spheres with about the same degree of precision. In a recent investigation, it has been demonstrated that the features observed for the sample studied in the present paper are chemically reproducible. In this work, the behaviour of crystallite size, crystallite shape and stacking-fault probability were studied as a function of temperature (Boultif, Auffr6dic, Langford & LouEr, 1992) .
The present study has demonstrated that, even for a diffraction pattern which contains peak overlap, a wealth of detailed and self-consistent information on the microstructure of polycrystalline samples can be obtained by means of modern techniques for pattern decomposition. However, the successful application of the method depends critically on the quality of the data; good counting statistics are of paramount importance -a(I)/I~_ 1% or less for weak reflections -and the 'standard' data must accurately represent the instrumental line profiles. Clearly any Kct2 component must be removed and this is better done at source, by means of an incident-beam focusing monochromator (LouEr & Langford, 1988 ), rather than analytically; systematic errors will also be introduced if the function used to model the K~2 line is not accurately representative of the spectral distribution.
Errors can also be introduced at the analytical stage. It was demonstrated that the 'size' profiles have a substantial Gaussian component if they are assumed to be Voigtian. An analysis based on the assumption that the sample profiles are Lorentzian thus contains systematic errors, though very precise estimates of stacking-fault probability are obtained. If allowance is made for the non-Lorentzian character of the 'size' profiles, by using an approach based on the Voigt function, then the values of fault probability are probably more accurate, but are less precise. This is due to the limitations of the fitting algorithm in accurately modelling the Lorentzian and Gaussian components of overlapping peaks. It is clear from the values of ~ in Tables 7 and 8, for example, that the values of these components for the ex-oxalate ZnO 204 line must be erroneous. Such errors could remain undetected if data for a large number of reflections were not available.
Stacking faults have not been reported previously for ZnO, although as part of this work it was demonstrated that the phenomenon is reproducible for samples obtained by decomposition of the oxalate. It is thus of interest to consider their origin and why they only seem to occur in samples obtained by this route. A possible explanation could be associated with the initial stages of formation of the crystallites. In the case of the hydroxide nitrate, the structure is derived from brucite-type layers, in which some of the hydroxyl anions in a 'hexagonal compact' arrangement are replaced by one O atom belonging to a nitrate group (LouEr, Lou~r & Grandjean, 1973) . The production of ZnO arises from the formation of water and nitric acid molecules from hydroxyl and nitrate groups in adjacent layers (Auffrrdic & LouEr, 1978) , which can diffuse away. The reaction is rather 'soft', as shown by the three-dimensional crystallographic orientation of the crystallites of the oxide with respect to the crystal lattice of the precursor (Auffrrdic et al., 1982) . These factors could explain the formation of regular ZnO crystallites without imperfections. In the case of ex-oxalate ZnO, the precursor has a three-dimensional (non-layer) structure (Kondrashev, Bogdanov, Golubev & Pron, 1985) , in which there are no similarities between structural units of the precursor and ZnO. It could be that decomposition is accompanied by a fragmentation of the crystallites of the precursor, leading to unstable small nuclei which rapidly coalesce to give the crystallites of ZnO. In this explanation, the rapid growth of the initial ZnO nuclei could be the origin of the observed growth faults. It is therefore evident that the nature of the microstructure of coherently diffracting domains in ZnO is related to the structure of the precursor and the crystal system of the oxide. This property, combined with the physico-chemical parameters governing the growth of the crystallites, could be used as a means of controlling microstructure. For example, if the behaviour of a catalyst has been related to its microstructural properties, then in principle these can be 'engineered' to obtain optimum activity, selectivity or other parameters.
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APPENDIX
Determination of PsL from ps and P~L
The integral breadth of a Voigt function (fl) is related to the integral breadths ilL, fl~ of its Lorentzian and Gaussian components by [Langford, 1978, equation (25) Equation (A6) is applied iteratively in the usual way until the desired accuracy is achieved. If ~ is too large compared with y (i.e. > 5y), both the number of iterations required and the exponents are excessively large.
In practice, any value between 0 and 5 can be used and 1 is recommended as a starting value, for which /~L ~-1.8/~G.
